. The ratio of these regions is extremely important in enzymatic hydrolysis. The enzymatic digestibility of cellulose increases with the proportion of the accessible surface area 4) . Numerous pretreatment methods to increase the production efficiency of sugars have been investigated 5) , such as acid and physical treatments. In particular, various methods to increase the amount of amorphous cellulose have been developed 6), 7) . Cellulose dissolves in a number of solvents 8) 10) including sub-and supercritical water 11) . The amount of glucose obtained from rubber wood depends on the hydrothermal pretreatment temperature 12) , and the sugar yield from hot-compressed water (HCW)-treated cellulose is higher than that from untreated cellulose 13) , so that two-step HCW treatment with mild and severe conditions increases the efficacy of glucose production. These findings suggest that cellulose hydrolysis should proceed at high temperature 13) . However, enzymatic hydrolysis takes 6-12 h even for pretreated biomass. Therefore, faster reactions are essential for all processes to achieve effective bioethanol production.
In practice, the concentration of bioethanol is below 10 % after ethanol fermentation. The bioethanol is concentrated to 95 % by distillation for utilization as biofuel, but this distillation step requires high heat input. Therefore, the concentration of ethanol after fermentation should be as high as possible. For production of higher concentration ethanol, separate collection at each elution time is needed in the flow rate reactor. To define more detailed conditions than those in previous studies, we collected samples every 5 min and measured the rate of enzymatic hydrolysis at each elution time.
The temperature of hydrothermal dissolution increases to around 300 . Therefore, fermentation inhibitors are generated by hydrothermal pretreatment 14) . These decomposition products can inhibit yeast growth and fermentation 15) , and may be detected in the solution of dissolved cellulose. The behaviour of these fermentation inhibitors must be confirmed to improve ethanol production.
In this study, cellulose was dissolved in water by hydrothermal dissolution to determine the optimum pretreatment conditions for enzymatic hydrolysis. The amounts of decomposition products (furfural, 5-HMF, and formic acid) were measured after hydrothermal dissolution. Our results support hydrothermal dissolution as an effective approach for increasing the rate of enzymatic hydrolysis of cellulose, and show that the conditions of temperature and elution time must be selected for effective production of energy.
Materials and Methods

1. Experimental Design
Microcrystalline cellulose (Sigma Cell Type 20, Sigma-Aldrich Japan K. K.) was used as a substrate for dis solution in the experimental apparatus for hydrothermal dissolution of cellulose at 265, 280, and 310 ( Fig. 1) . Cellulose (0.55 g) was added to the reactor, and water heated to the target temperature (265, 280, or 310 ) by an electrical furnace was passed into the reactor at a rate of 20 mL/min. The reactor and electrical furnace were insulated to avoid temperature variations, and the reactor temperature was measured by a thermocouple located at the reactor inlet. The pressure inside the reactor was increased to 10 MPa. The cellulose solution was passed through a cooling system and collected in a glass vial. Samples ( 100 mL each) containing water-dissolved cellulose were collected from the reactor outlet every 5 min. The outlet of the reactor vessel was equipped with 700 nm filters (SS-2TF-7, Swagelok Co.). Therefore, the effluent samples only contained particles of 700 nm or less. Collected effluent samples were analyzed for total organic carbon (TOC) content, which included both cellulosic compounds and degradation products such as glucose, cellobiose, etc. The TOC value was used to measure the dissolved cellulose and calculate the amount of crystalline cellulose as a control because all degradation products could not be subtracted from the TOC value.
Enzymatic Hydrolysis
To investigate the effects of hydrothermal dissolution, the concentrations of glucose were measured after enzymatic hydrolysis. The rate of glucose production in dissolved cellulose was higher than in non-treated cellulose under some conditions. For enzymatic hydrolysis, 25 mL dissolved cellulose from the reactor was mixed with 25 mL buffer (10 mM sodium acetate solution, pH 5.0). Cellulases from Trichoderma reesei (ATCC 26921; Sigma-Aldrich) and β-glucosidase (NS-22118; Novozymes Japan Ltd.) were added to the resulting mixture at 15 U/g-glucan and 22.25 CBU/gglucan, respectively. Enzymatic hydrolysis was performed at 50 for 12 h with shaking.
3. Determination of Glucose Concentration
The glucose concentration was measured by highperformance liquid chromatography (HPLC) with a SUGAR KS-802 (Shodex, Showa Denko K. K.) column operated at 60 and water at 0.8 cm 413 L (Shodex) column operated at 40 and a 1 : 1 mixture of acetonitrile and 0.01 M perchloric acid at 0.5 cm 3 /min as eluent. Before enzymatic hydrolysis, the concentration of glucose representing the amount of glucose derived from hydrothermal dissolution was also measured.
Results
1. TOC Values after Hydrothermal Dissolution
The TOC values of samples collected over a 30 min period were measured to determine the optimum elution time for effective energy production (Fig. 2) . The amount of dissolved carbon was highest during the early phase of hydrothermal treatment. TOC values increased in the early phase and with higher dissolution temperature.
2. Effect of Dissolved Cellulose on Enzymatic
Hydrolysis The glucose concentration after enzymatic hydrolysis of cellulose dissolved at 265 was monitored over a 12 h period (Fig. 3A) , and glucose production was determined by subtracting the glucose present before enzymatic hydrolysis (i.e., after only hydrothermal pretreatment). For untreated cellulose (control; crystalline cellulose), the amount of dissolved cellulose after Glucose generated by hydrothermal dissolution (black column), glucose generated by enzymatic hydrolysis (grey column) and others (white column). (Fig. 3A) . However, the glucose concentration in the samples collected after 15 min was similar to that in the untreated cellulose sample. Notably, the rate of hydrolysis for dissolved cellulose was higher than that for crystalline cellulose for samples after both 10 min and 15 min.
The glucose concentration derived from samples of dissolved cellulose collected at 10 min was lower than that of crystalline cellulose at 280 (Fig. 3B) . Although the final concentration of glucose formed from dissolved cellulose was lower than that from crystalline cellulose, the production rate of glucose from dissolved cellulose was higher than that from crystalline cellulose. The rate of enzymatic hydrolysis in the first collected sample (5 min) was markedly higher than that of crystalline cellulose at 320 (Fig. 3C) . Under all conditions, the production rate of glucose was higher from dissolved cellulose than from crystalline cellulose. Figure 4 shows the total amount of glucose from both hydrothermal dissolution and enzymatic hydrolysis (compared to Fig. 3 showing glucose from enzymatic hydrolysis) for crystalline and dissolved cellulose. The dissolution of cellulose at 320 yielded the highest total amount of glucose.
Measurement of Fermentation Inhibitors
Hydrothermal dissolution requires high-temperature water at high pressure, so treatment of cellulose generates both glucose and other decomposition products, i.e. 5-HMF and formic acid. To determine the amounts of these decomposition products formed during hydrothermal dissolution, the concentrations of 5-HMF and formic acid were measured by HPLC (Figs. 5 and 6) . The concentrations of formic acid after treatment at 320 for 5 min and 280 for 10 min were higher than under other treatment conditions. The concentrations of 5-HMF and formic acid were higher at 280 than at 265 and 320 .
Discussion
This study showed that hydrothermal dissolution is effective for enzymatic hydrolysis. In fact, the rate of enzymatic hydrolysis of dissolved cellulose was higher than that of crystalline cellulose. Moreover, the optimum elution time was identified for samples generated by hydrothermal dissolution. In addition, fermentation inhibitors were measured by hydrothermal dissolution. Under our experimental conditions, fermentation inhibitors were generated by hydrothermal dissolution.
Under all conditions, the production rate of glucose from dissolved cellulose was higher than that from crystalline cellulose (Fig. 3) . Although the rate of hydrolysis of dissolved cellulose at 280 was higher than that of crystalline cellulose, the amount of glucose obtained by enzymatic hydrolysis was lower than that from crystalline cellulose (Figs. 3B and 4) . The rate of enzymatic hydrolysis in the first collected sample from cellulose dissolved at 320 was markedly higher than that from crystalline cellulose (Fig. 3C) . Cellulose was treated with subcritical water at 265 Total amount of glucose from both hydrothermal dissolution and enzymatic hydrolysis. Glucose generated by hydrothermal dissolution (black column), glucose generated by enzymatic hydrolysis (grey column). Crystalline cellulose as control (white column). Moreover, samples collected early in the experiment included higher amounts of glucose. These findings suggest that the optimal conditions for hydrothermal dissolution of cellulose are higher temperature for shorter time. At 320 and 10 MPa, the water is vaporized through the furnace, but liquid samples were collected after cooling. Therefore, we could not determine whether the water was in the vapour or liquid state as the cellulose dissolved. However, a recent study showed that steam treatment is effective for the enzymatic saccharification of pear tree and for ethanol production 16) . Although the final glucose concentration achieved by steam treatment was much higher than that obtained by hydrothermal dissolution treatment in the present study, the rate of hydrolysis for dissolved cellulose was faster than that for the steam-treated biomass. Notably, the glucose yield for treatment temperatures below 320
did not always exceed that obtained from crystalline cellulose. Therefore, the temperature and pressure conditions must be optimized for the effective production of glucose from cellulose.
A previous study reported that hydrothermal dissolution of cellulose promoted enzymatic hydrolysis 13) . In the current study, analysis of samples at different times (every 5 min) revealed significant differences in the concentration of dissolved cellulose. Furthermore, the rate of enzymatic hydrolysis was markedly higher for dissolved cellulose compared with the previous study.
Although this study used the TOC value to represent dissolved cellulose, this finding indicates that the TOC value for dissolved cellulose includes decomposition products such as 5-HMF and furfural. The amounts of formic acid formed after treatment at 320 for 5 min and 280 for 10 min were higher than those produced at the other examined temperatures (Fig. 6) . Formic acid is the main decomposition product of 5-HMF at high temperatures. However, the cellulose hydrolysis rate in this sample was greater than those for cellulose samples obtained at lower hydrothermal dissolution temperatures. These results suggest that the accumulation of decomposition products did not affect the enzymatic hydrolysis of cellulose.
The present findings demonstrate that hydrothermal dissolution of cellulose increases its susceptibility to enzymatic hydrolysis. Endoglucanase, a type of cellulase commonly used for enzymatic hydrolysis of cellulose, can only hydrolyze internal amorphous regions of the cellulose chain. In contrast, cellobiohydrolase can only access the ends of cellulose chains in crystalline regions to generate cellobiose. In a previous study, various pretreatments were shown to increase the accessible surface area of cellulose 17) . Moreover, phosphoric acid pretreatment of cellulose enhanced the rate of enzymatic hydrolysis 18) . In the present study, the glucose yield from cellulose treated at 320 was higher than that from untreated cellulose, for which enzymatic access to crystalline regions is limited.
The present study suggests that hydrothermal dissolution pretreatment of cellulose enhances the rate of enzymatic hydrolysis, and that strict conditions, including elution time and dissolution temperature, are necessary for effective glucose production.
Conclusion
The present study demonstrated a higher rate of glucose production from dissolved cellulose than from crystalline cellulose. The rate of glucose production was markedly higher for dissolved cellulose than that for crystalline cellulose. The optimum hydrothermal dissolution conditions (temperature, pressure, and duration) for effective production of glucose were defined. Glucose production was found to drastically change in 5 min. The present findings revealed that strict conditions for hydrothermal dissolution, including elution time and temperature, are necessary for increasing the yield of glucose.
